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Preface

T HRCNDR PRI A

USAFETAC prepared this report to document the Solar Illuminetion Calculator
(SIGz computer program developed by USAFETAC and currently heing uted by USAFETAC .
and the Prototype World Wide Military Command and Control System $WWM008) Intar ;
computer Network (PWIN). 'This report documents the ecquations used by the SIC, :

In the event that this report is incorporated into another report by any agency,
request that USAFETAC be furnished a copy of the new report in all cases whare such
dissemination is not prohibited. ‘ :

Department of Defense agencies and/or their contractors who require more
information about this report should contact USAFETAC for consultation,




SOLAR ILLUMINATION CALCULATOR

Introduction

4

The basic assumption used in writing the Solar Illumination Calculator (s1C)
was that sunrise, sunset, and twilight times could be accurately calculated for any
point on the surface of the earth if the latitude and longitude of that point and
the solar declination for the given day were known. Work commenced on the SIC in
late February 1976. It soon became evident that the SIC was a much more complex
project than was originally envisioned. This explanation will aid the user in under-
standing the limitations of the SIC, how to use it, and answer some questions as to
how the equations were derived.

-

Solar Declination .

In order to make the SIC more flexible, the author decided to model the sun's
apparent daily change in declination, thus removing the problem of creating and
maintaining a large data file. It was thought, at first, that the declination of
the sun, with respect to a viewer located on the earth's surface, could be approxi-
mated by a simple harmonic equation of the form

y = A Sin (27 T) | (1)

where A represents the maximum declination‘of the sun and T 1s a time factor express-
ing the fractional value of orbital completion. The value of A, called the obli-
quity of the ecliptic, can be obtalned from the equation

A = 23°27'8'26 - 0"4684 (t-1900) , - (@)

where t.= the year. A natural starting point for T is the March equinox. There-
fcre, T can be expressed as the time éin days) since the last March equinox divided
by the length of one tropical year (365.24 days) The apparent daily solar decli-
nation can be expressed as:

T
— o]
DECLINATION = A Sin (2m =00) (3)

There are always 305.2U days between March equinoxes. When a leap year otcurs, the
March equinox occurs one (actually closer to 0.75) day earlier than on the previous
year. FPFor examnle, the March equinox for 1975 occurred at 0600Z on 21 March, while
the March equinox for 1976 occurred at 1150Z on 20 March. Note that the tlme of
occurrence of the next March equinox can be approximated by adding 0.2422 day to
the last March equinox and subtracting one if the year is a leap yesar.

Compared with data extracted from The Nautical Almanac [6], the declination
valurs obtained with Bouation (3) are close, bul not exact. The majer.cause of
error is the varying orbital velocity of the earth. Kepler's laws of #lanetary
motjons explain this effect. However, if the earth's orbit is viewed as concisting
ot four scasons o varying lengths, with the length of each season fixed, a set of
four simple harmonic equations can be derived.

. T : .
= v 2, - . I
DECLINATION = A sir (§ AT . )

for period from March equinox to June solstice; ‘ e




| .
DECLINATION = A Cos (§ wywies) (5)

for period from June solstice to September equinox;
n T : ,
DECLINATION = - A Sin (§ wymom) (6)
for period from September equinox to December solstice;

T
DECLINATION = A Sin (2 sl (7)

for period from December solstice to March equinox;

where TO = time since March equinox
| SPRING = 92.78 (number of days in Northern Hemisphere spring seasoﬁ)
T, = T, - SPRING (number of days since summer started)
SUMMER = 93.64 (number of days in Northern Hemisphere summer season)

Tp =T, - (summer and spring) (number of days since autumn started)

]

AUTUMN = 89.83 (number of days in Northern Hemisphere autumn)

‘The maximum error found in checking the results of thesc equations agalnst data for
the 1975-1976 time Trame is 32 minutes of arc. Expected error rates are 14.8,

3.0, 17.7, and 7.7 minutes of arc for the spring, summer, autumn, and winter sea-
sons, respectively.

Eauation of Time

An additional factor that must be considered is the equation of time (FEOT).
Basically stated, the EOT is the difference between apparent time and mean time.
Ar in-depth explanation of this phenomenon can be found in any introduction to-
astronomy text such as that by Russell [3]. The EOT results from two effects} the

obliquity of the ecliptic, and the eccentricity of the earth's orbit.
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The maximum effect of the obliquity term is 10 minutes of time, and of the eccen-
tricity term, 7-3/L minutes of time. Note that both terms approach zero at about
the times of the solstices (for the eccentricity term, it is actually perigee and
aphelion, which is on the order of 1l days after the solstice), Using the winter

é solstice and parigee as a atarting point in time, two sinmple harmonlc equationg can

g ve derived, which, when combined, mathematically measurs this phenomenon. ‘Thiu

g: : EOT reduces to the form:

£ . : )

f‘\\.; : o . v
iz : T : (1 « 1) . : i
1(_} BWS sWs S .
] BOT = 10 8tn (2n ygBtity) + 7.75 sin [n g1 0 (8 )

where T . = time (in days eince last winter solstice, and 182,62 = } tropical year,

{ Results from this equation are in olose agresment with data extracted from The
Nautical Al ¢ [6]. A maximum error of 1 minute of time oocurs in the March Ant
The In%é'aep%emﬁer through early October time periocds., Soule [4] argued that the
EOT at both sunrise and sunset should be computed to improve acouracy. USAFETAC
adopted this convention.

Semiduration

The semiduration of a phenomenon in terms of the cosine of the Greenwlch Hour
Angla (GHA) is computed using a simplified version of the time-sight formula as
presented by Bowditch (1].

K - h
: . Ocs (GHA) = L“ o8 o 2 AE0s. eIInatIon ]

- Tan (Latituds) * Tan (Declination) (9)

A;pha has a valuc of 0,833 degrees for sunrise/sunset, O dogreas, 1. .cgrees, and
18 derrees for civil, nautical, and astronomical twilight, respectively, when com-
puting data at sea level and with no terraln effect, These are satandard, delined
values. The value, 0.833 degrees, is arrived at by adding the solar diameter,
assumed to Le fixed at 10 minutes, to an altitude correction factor for refraction
ol 34 minutes, No methods are avallable to account for a changing atmospheric re-
fractive index caused by temperature and/or pressure changes., 7The value of alpha
can be changed for incremses in altitude. Thie correction 1s made solely for
sunrisa/esunset and clvil twilight oaleculations, The equations used to compute the
new valu- of alpha are based on data extracted from The Air Almanac (5],

TR

Caraa-

In computing semiduration there are times when the Cosine (GHA) uxceeds * 1. v
When this happens, it indicates nonoccurrence of the phenomenon. C nsider the
following examplea:

® Cos (OHA) = 1,1 phenomenon = sunrise

This inlicaten that the sun will not ripe, because the aun 1s always below
the horizon (winter cace).

e (Con (UHA) = - 1,1 phenomenon = sunrise

Thias indicates that the sun will not rise, because the sun is always above
the horizon., 1n addltion, the cosine values for civil, nautical, and artro-
nomical twilight will aleo be less than ~1.1 (abeolute value will ve freater
than 1,1), But, since the sun doesn't set, these phenomena will also not
oceur (nummer case).

In the more general scnse, there are two poesibilitics when computing semiduration
the poosibility that the phenomanon does not oceur, and the posnoibility that the
pheanomenon oceurs at least once durlng the dn{. In the formor, therc are two cares,
the winter case and the summer case. In the latter, there are threc capensj the
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normal case, the spring case, and the autumn casa, All cases are besc. on Northern
Hemisphere seasons, In the winter case, the Cos (GHA) value is always greater than
1.0, The sun 1s always below the horlizon, hence no sunrise or punset, and the
twillghta may or may not oceur, In the summer case, the Cos (CHA) vaiue ia always :
less than -1,0, The sun is always above the horizon, hence no aunrige or sunset, '
and the twilights never occur, In the normal case, the Cos (GHA) value alwaya lies :
in the range of equal to or greator than -1,0 and equal to or less than 1.0, hunce
: the sun riges and sets, and the twilights occur, In the spring case theé Cos (UHA) ;
| value for the beginning time of some phenomenon ia always in the range of values :
i for the normal case, but the Cos (GHA) value for the ending time is less than -1.0
i (the phenomerion beginas but does not end before the day is over), The autumn casc
ésftha ;ﬁggrse of the spring case (the phenomenon is occurring at 0000Z, but ends
efore rAR

R
i
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Half Phehomenon length

once the semiduration is nomguted, the SIC program computes half phenomenon

L length (HDL). Ir,the_Coa_(GHAl as an absolute value greater than 1.0, the HDL 1a :
: set to zero and a flag is set in the program. If the Cos iGHAk value iiaa in the i
a normal case range, the arcos of the GHA 1s taken, This value is then multiplied

by 57.2958 to convert & radian value to degress and then divided by 15 to convert
i 3 a degree valuea to an xx.,yyyy hour format. At this point HDL has a vaelue greater
A : than 0.0, but lese than 12,0,

Starting and Ending Times

Phenomena gtarting and endlng times can now be computed. If the HDL has a -
value of O,, ho computation is done., If the HDL has & none~zero value, starting
and/or ending phenomena times are computed using the following formulas!

gT = 12, + EOTR = HDL (I) + ADJUST (10)

T R

Hires

where 8T = gtarting time
12, = local noon

) EO'R = egquation of time at sunrise

TLERTTUR RS

HDOL (1) = hall phenomenon length starting
ADJUST = time adjustment factor for being East or West ol Qreenwich Mepridian
(¢ Longltude/15)
ET = 12, + EOTS + HDL (I) + ADJUST (11)

whe re ET = ending time
12, = local noon
. EOTS = squation of time at sunset
i HDL (1) = kalf phenomenon length ending time

ADJUST = same as above

Table 1 containe the maximum error in minutes of time for values computed at dreen-

wich, Since all times ure based un GME, ST and KT values 1lie in the range ol <210

to +48,0. A value of lens than 0, indicates that the phenomenon starts/ends on

the previous Oresnwich Day, while a value of greater than 24,0 indlcates that the
{he following Greenwich Day. Table ? contains an example,

phanomenon starts/ends on

sty 5 et s - e




NOTH:

NOTs s

Table 1., Maximum Timing Errors at Greenwich. Unless otherwise
stated, all latitudes are given in degreen N and S of the
equator,)

SUNRISE(SUNSET AND CIVIL TWLILIGHT NAUTICAL TWILIGHL
minute to 40° .
minutes above 40 3 minutes above H0®

minute to 40° .
minutes above 40 4 minutes above 40°

minute to 50° .
minutes above 50 4 minutes above 50°

minute to 30°

minutes to L40O°

mihutes to 50‘

minutea to 70° 8 minutes above %50°
minute to 40°

minutes above u0°

minutas at 70° 8 minutes ahova 50°
minute to 4o°

minutes above 40° 2 minuten

minute L minute
minute to 60°
minutes at 70° 8 minutes at 70°

minute to 60°
minutes balow 30 8
minutes at 60°8 and at T0°N 22 minutes at 70°

minute to 20° .
minutes nbove 20 5 minutes above 20°

minute to 30°
minutes to 40°
minutes above W0°

minute to 50°
minutes above 50° 4 minuter above 50°

JAN

FED

MAR

MAY

—~

- B WO W = D 10

JUN

JuL
AuQ

SEP

oet

NOV

minuten above L0*

k14

DEC

3 4

Differnonce between computed SIC valuce and data extracted from Thu Neutical
Almanac [(J ucing 197% and 1976 ap base ysars. Data ware chacke rom 60 to

n 10" incremonts, Notlce the values for April and November when the
aqquation »f time was off by 1 minute., The large error in nautical twilight
during Septomber was due to an autumn case occurrence — the STC produced a
normal came, l,e¢., starting time of 00R2 aMmr.

Table 2. Example SIC Results for % January 1975,

LIME {(QMI
20°N_LAT/120°E LONQ PO°N LAT/120°W LONG
Astronomical ‘Twilight -02h2 (42118) 1318 (151318)
Nautical Twilight -0215 (L2145) 1345 (51305)
Civil Twillght -0148 (42212) 1412 (Hil12)
Sunrire -0124 (42330) 1430 (51436)
Sunact 0934 (10934) 2534 (60134)
Civil Twilight 0958 (50958) 2558 (60158)
Nautical Twilight 1026 (51026) 2626 (60276)
Antronomical Twilipght 1053 (510%53) 26K3 (60243)

'The numbers In parentheses are In a DDHHMM (day, hour, minute) format Jand they
ars printud out by the printing routine of the SIC, Therefore, at PO°N lati-
tude, 120°W longitude svneet occurred at Ol3k aMI on 6 January (1734 local on
b January),
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sunrise/sunset. (While sunset is not computed directly it can be foundiby sulb;

Elevation and Azimuth

EleX?tion and azimuth angles are computed using the following equations (from
Soule {4]):

ELEVAT = ARSIN [SIN (STALAT) x SIN (DEC)

+ COS (STALAT) x COS (DEC) x DOS (LHA)] (12)

where ELEVAT Elevation

STALAT Station latitude

DEC = Declination

Local Hour Angle (assumed to be ILHA ét sunrise, unless specified
otherwise through parameter HOUR)

azTMUT = ArsTy | SIN (STALAT) % 27K LHA ] , (13)

where AZTMUT = Azimuth and STA.AT, LHA, and ELEVAT are the same as above. (If LHA
at sunrise is used, ELEVAT = 0.0.S Elevation and azimuth angles are not computed
for the winter case (when the sun 1s never above the horizon%, or for hours that
are either earlier than sunrise or later than sunset, Computer-derived values for
azimuth are expressed in terms of the principle sine value. In order to maintain
standard references: North-is -zero degrees; East is 90 degrees; South is 180
degrees; West is 270 degrees. The following equations were taken from Dave, Hal-
pern, and Myers [2].

IHA

AZIMUTH = PI - AZIMUT (14)
if the condition Cos (LHA) < Tan (DEC)/Tan (STALAT) is true. Otherwise

AZIMUTH = 2xPI - AZIMUT . (15)

where LHA, DEC, STALAT, and AZIMUT are the same as above, PI = 3.141€6, and AZIMUTH
is true AZIMUTH. (In the subroutines no distinction is made between AZIMUTH and

AZIMUT.) When the SIC ran on the MAC iInformatlon Management System Honeywell 6080
computer, library differences between IBM and Honeywell resulted in the sun riging

in the west and setting in the east. Therefore, the azimuth Equations (14) and (15)

were changed to:

AZTMUTH = PI - AZIMUT = f : (16)

if STALAT/DEC is greater than 1. Otherwise . A S

5

AZIMUTH = AZIMUT S (A7)

The sunrise azimuth angle results are in close agreement with values computed
using a Hewlett-Packard 65 calculator. (The H-P 65 azimuth values agree to withiln
+ 0.01 desrees with those calculated by the National Severe Storms Laboratory
celestial positions program.) At present the USAFETAC has no method for verifying
the accuracy of the elevation angle or the azimuth angle at some time other thanh

Y - R
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tracting the sunrise azimuth value from 360 degrees.) It should also be ncted that
colar declination is assumed to be & constant in computing the elevation angle.
This assumption is wvalid because the maximum rate of change for solar declination
is 1 minute of arc per hour. :
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